In the UCLA plasma beat wave accelerator, a high intensity two frequency CO 2 laser ͑ 1 ϭ10.6 m, 2 ϭ10.3 m͒ is used to drive a large amplitude relativistic plasma wave. The plasma wave acts as a moving phase grating and scatters the incident pump waves into Stokes and anti-Stokes sidebands ͑ 1 Ϫ p , 2 ϩ p ͒. The observation of these sidebands in the forward direction confirms the presence of the relativistic plasmon, and also gives an estimate of the amplitude-length product (n 1 /n 0 ϫL) of the wave. Since the Stokes and anti-Stokes signals are picosecond pulses at 10.9 and 10.0 m, respectively, this light cannot be time resolved directly on a conventional detector or streak camera. The forward scattered light can be analyzed, however, by mixing the 10 m light with visible light from a laser diode ͑670 nm͒ in a nonlinear crystal ͑AgGaS 2 ͒ to produce frequency shifted light at 630 nm. The intensity of the 630 nm light is proportional to the product of the intensities of the two incident laser pulses, and can be time resolved on a streak camera. Experimental results for the plasma wave amplitude, spatial length, and temporal length are shown.
I. INTRODUCTION
Large amplitude relativistic plasma waves can be useful for accelerating particles to high energies. In the plasma beat wave accelerator, relativistic plasma waves are produced by beating two laser beams ͑10.6 and 10.3 m in our experiment͒ in a plasma such that the laser difference frequency equals the natural frequency of the plasma. The plasma waves are driven resonantly and can reach a peak density modulation 1 n 1 /n 0 ϭ͑16␣ 1 ␣ 2 /3͒ 1/3 , where ␣ 1,2 ϭeE 1,2 /m 1,2 c are the normalized electron quiver velocities, E 1,2 are the electric fields of the two pump lasers, and 1,2 are the laser frequencies. The accelerating electric field produced by such a wave is given by E ac ϭ 0.96⑀ͱn 0 , where n 0 is the background plasma density and ⑀ is the wave amplitude n 1 /n 0 . Typical experimental parameters for the laser are an energy of 60 J ͑30 J͒ in the 10.6 m ͑10.3 m͒ line, a rise time of 150 ps, full width at half maximum ͑FWHM͒ of 300 ps, and a spot radius at focus of 150 m. This leads to normalized quiver velocities ␣ 1 ϭ0.17 and ␣ 2 ϭ0.13. For a background plasma density of 9ϫ10 15 cm
Ϫ3
, we have experimentally measured acceleration gradients of 28 MeV/cm, which corresponds to a 30% ͑⑀ϭ0.30͒ wave.
The accelerating fields have been diagnosed with several techniques, including injected electron acceleration, Thomson scattering, and forward scattering. The injected electron acceleration results 2 show that electrons gained energy from the injection energy of 2 MeV up to 30 MeV, which clearly implies that a large amplitude wave has been generated. Since the plasma wave acts as a moving phase grating, the wave can be diagnosed with Thomson scattering. A 0.53 m probe laser, incident at approximately 90°to the plasma wave, showed frequency and wave number shifts given by p and k p of the plasma wave. 2 From the amount of scattered power in the frequency shifted light, and from the relative harmonic components, the wave amplitude was estimated to be about 30%.
Another method of determining the wave amplitude ͑and the spatial extent͒ is by looking at forward scattering. The presence of the plasma wave results in the generation of frequency sidebands in the near forward direction, separated by the plasma frequency. 3 These sidebands, at frequencies 1 Ϫ p and 2 ϩ p , are generated because the density perturbations of the plasma wave modulate the phase of the incident light beams. An equivalent view is that the pump beams are Bragg scattered from the plasma wave, with the amplitude of the shifted light proportional to the wave amplitude. The scattered power in the frequency shifted light can be expressed by the familiar Bragg scattering formula
͑1͒
Here n c is the plasma critical densityϭm 2 /4e 2 , L is the interaction length, is the incident wavelength, A s is the spot size of the scattered beam, and A o is the size of the incident beam. Assuming a wave amplitude of 10% and a length of 1 cm, the scattered power should be on the order of 10
Ϫ3
. This diagnostic has two main advantages over Thomson scattering. First, forward scattering samples the entire length of the plasma wave, while the Thomson scattering is limited by the spot size of the probe beam ͑typically a line focus of 6 -12 mm horizontally, 100 m vertically͒. Second, forward scattering includes all phase variations in the plasma wave, so it should measure the integrated n 1 /n 0 ϫL that an injected electron sees.
II. FREQUENCY RESOLVED MEASUREMENTS
The forward scattered signal was first measured with a frequency resolved, time integrated pyro-electric detection array. The laser beam ͑containing both pump beams and all sidebands͒ exited the plasma chamber through a 5 in. NaCl window. The beam then passed through an absorber cell containing a mixture of SF 6 and Freon 115, which significantly absorbed the pump beams at 10.6 and 10.3 m. The beam is then collected and focused by a 10 in. parabolic mirror into a 1/4 m spectrometer. The wavelength resolution of the spectrometer was about 0.005 m, and the sensitivity of the detector array had been calibrated. Figure 1͑a͒ shows the scattered power around 10.9 m ͑Stokes signal, red-shifted from the pump frequency͒ when the two frequency laser was fired into an evacuated vacuum chamber ͑no plasma͒. There is a clear peak in the spectrum around 10.911 m, even though there is no plasma wave present. Similar spectra were seen in the anti-Stokes signals around 10.0 m. A likely explanation for the signal is that the beat frequency of the pump lasers excites the rotational levels of nitrogen molecules in air. 4 This rotational Raman scattering takes place in the distance ͑many meters of air͒ from the final laser amplifier to the entrance of the plasma chamber. The high intensity pump beams may also produce the frequency shifted light in other materials in the experimental setup, such as the NaCl windows. It was observed over many laser shots that the shape of the spectrum in the no-plasma case was identical from shot-to-shot.
Although there is a signal at 10.9 m even when there is no plasma wave present, Fig. 1͑b͒ shows that the plasma does significantly change the frequency spectrum. The width of the spectrum becomes broader, and the peak is slightly blue-shifted from the exact Stokes frequency of 10.911 m. This blue shift could be caused by several factors, including relativistic detuning or a change in the plasma density.
To estimate the scattered power in the Stokes from the plasma wave alone, an attempt was made to separate the plasma and nonplasma contributions. Since the rotational Raman spectrum had the same shape every shot, the measured spectrum was divided into two components, one of the known Raman shape, and the other ͑plasma contribution͒ chosen to maximize the smoothness ͓see Figs. 1͑c͒ and 1͑d͔͒ . From these measurements, several important features were determined. First, the blue frequency shift of the Stokes light ͑from the exact wavelength of 10.911 m͒ appeared to increase with the plasma wave amplitude, as measured independently from Thomson scattering. Second, every shot with accelerated electrons was accompanied by significant levels of forward scatter. These results indicate that the observed Stokes signal is related to the plasma wave amplitude, although the absolute scattered power cannot be measured exactly. In Sec. III, the Stokes light is also resolved in time, and the separate contributions from the beatwave and the rotational Raman can be seen.
III. TIME RESOLVED MEASUREMENTS
Since the Stokes and anti-Stokes signals are on the order of 100 ps in time, a streak camera is required for time resolution. Streak cameras, however, are not available in the wavelength range of 10 m as required here. The forward scattered light therefore was converted from 10 m to the visible range through sum frequency generation. 5 This was accomplished by collinearly mixing the 100 ps, 10 m light with a 20 ns, 670 nm pulse from a laser diode in a crystal of AgGaS 2 . In sum frequency generation, the intensity of the output light ͑630 nm͒ is proportional to the product of the two input intensities. However, the input diode pulse has a duration of 20 ns, and is essentially constant over the time of interest, so the output beam follows the time history of the 10 m light. The 630 nm output can then be separated from the incident 670 nm beam by either frequency filtering or polarization ͑in type I phase matching, the output beam is polarized orthogonal to the two input beams͒ and sent to a streak camera.
In the time-resolving experimental setup ͑see Fig. 2͒ the laser beam exited the plasma chamber and was reflected off a pair of salt windows to reduce the power level. A grating mounted on a rotating base was then used to select the desired wavelength ͑i.e., Stokes at 10.9 m͒ and direct it to the crystal interaction point. The CO 2 beam was focused to a 1 mm spot, leading to an intensity of approximately 10 MW/cm 2 . After the two input beams mixed in the crystal, the three output beams ͑10.9 m, 670 nm, and 630 nm͒ passed through a bandpass filter centered at 630 nm, and then went to the streak camera for time resolution. Typically, about 10% of the 670 nm light was converted to 630 nm by the CO 2 pulse. First, there is a 150 ps FWHM pulse, similar to the nonplasma case. Second, superimposed on the longer pulse is an intense, 50-100 ps burst due to the plasma beat wave. That this short intense burst is due to the plasma beat wave is confirmed in 90°Thomson scattering, which also shows the wave lasting for about 100 ps. Even though the laser pump beams last for 300 ps, the plasma wave duration is limited by density blowout and relativistic saturation to only about 100 ps 2 . Since this setup only allows one particular wavelength to be time-resolved, the ratio of Stokes power to pump power cannot be determined on a single shot. Instead, the pump power had to be estimated by averaging over many shots with the grating tuned such that 10.6 m interacted with the diode pulse. From this technique, the amount of scattered power in the Stokes line can be estimated at about 10
Ϫ3
. From the Bragg scattering formula, this corresponds to amplitude length product of 0.5 ͑mm͒; for example, a 10% wave over 5 mm. These wave parameters were confirmed by the acceleration of injected test electrons from an initial energy of 2 MeV to a final energy of 5 MeV.
Given the expected laser intensities of the two pumps, and the focusing properties of the optical system, one would predict much larger amplitude plasma waves. Indeed, previous experiments with this laser system have demonstrated waves with amplitudes up to 30%, extending up to 1 cm in length.
2 During this set of experiments, however, the laser pulse length was significantly longer, which resulted in a much lower intensity. This could be seen most clearly by slightly modifying the experimental setup of Fig. 2 , replacing the grating in Fig. 2 with a mirror. The two pump beams ͑and any sidebands͒ were all directed into the crystal by the mirror, and the crystal was angle tuned halfway in between the 10.6 and 10.3 m optimum angle. This allowed fairly efficient k-matching for the two pump beams, with slightly less efficiency for any sidebands. After the CO 2 -diode interaction; the output beams were sent to a spectrometer for frequency resolution followed by a streak camera for the time response. Figure 4 shows the output ͑from a nonplasma shot͒ from the spectrometer/streak camera combination, with frequency ͑or wavelength͒ on the vertical axis and time moving to the right. Clearly, the two pump beams at 10.6 and 10.3 m are much longer than the expected 300 ps FWHM. Also, a significant portion of the laser energy is in a second pulse, roughly 1 ns later. These two factors explain why the driven plasma waves had smaller amplitudes than expected, and therefore why the forward scattered power in Fig. 3 was only on the order of 10 Ϫ3 . In Fig. 4 , Stokes and anti-Stokes signals can also be seen, with the usual nonplasma FWHM of 150 ps. The power levels, however, are greater than 1% of the pump beams, suggesting that the sidebands may have been enhanced further in the nonlinear crystal itself.
IV. CONCLUSIONS
Relativistic plasma waves have been diagnosed with time and frequency resolved forward scattering. By mixing the 10 m signals with a 670 nm diode pulse, the Stokes and anti-Stokes signals have been converted to visible light that can be analyzed on a streak camera. From the amount of scattered power, the plasma wave amplitudes have been estimated at 10%, with a spatial length of 5 mm. This technique is also useful for studying the power and relative timings of the two pump beams. Experimental results showed that the laser had a much longer pulse than expected, and also had significant energy in a second pulse. Since the use- ful laser intensity was significantly lower than the optimum case, the plasma wave amplitude was well below the expected 30% level for these experiments. 
